Ind-Gsh-type homeodomain proteins are critical to patterning of intermediate domains in the developing CNS; yet, the molecular basis for the activities of these homeodomain proteins is not well understood. Here we identify domains within the Ind protein that are responsible for transcriptional repression, as well as those required for its interaction with the co-repressor, Groucho. To do this, we utilized a combination of chimeric transient transfection assays, co-immunoprecipitation and in vivo expression assays. We show that Ind's candidate Eh1 domain is essential to the embryonic repression activity of this protein, and that Groucho interacts with Ind via this domain. However, when activity is assayed in transient transfection assays using Ind-Gal4 DNA binding domain chimeras to determine domain activity, the repression activity of the Eh1 domain is minimal. This result is similar to previous results on the transcription factors, Vnd and Engrailed. Furthermore, the Eh1 domain is necessary, but not sufficient, for binding to Groucho; the C terminus of Ind, including the homeodomain also affects the interaction with this co-repressor in co-immunoprecipitations. Finally, we show that aspects of the cross-repressive activities of Ind/Gsh2-Ey/Pax6 are evolutionarily conserved. Taken together, these results point to conserved mechanisms used by Gsh/Ind-type homeodomain protein in regulating the expression of target genes.
Introduction
Dorsal-ventral (D-V) patterning of the developing CNS is remarkably well conserved, despite morphological differences between the fly ventral cord and the vertebrate neural tube, and axis inversion in flies and vertebrates (Bier, 1997; Arendt and Nübler-Jung, 1999; Chan and Jan, 1999; Chitnis, 1999) . Decapentaplegic (dpp)/BMP4-Short gastrulation Defective (Sog)/Chordin antagonism defines the dorsal boundary of the ventral neuroectoderm. In Drosophila, the ventral neuroectoderm is subdivided into three columns along the D-V axis coincident with the localization of, and requirement for, the homeodomain-containing transcription factors ventral nervous system defective (vnd)/Nkx (Jiménez et al., 1995; Mellerick and Nirenberg, 1995; Chu et al., 1998; Mc Donald et al., 1998) intermediate neuroblasts defective (ind)/Gsh and muscle-specific homeodomain (msh)/Msx (D'Alessio and Frasch, 1996; Wang et al., 1996; Isshiki et al., 1997) , which specify the identity of the ventral (or medial), intermediate, and lateral columns, respectively.
Extrinsic factors, including dorsal and the epidermal growth factor receptor also sub-divide the neuroectoderm along the D-V axis by regulating the expression of the above mentioned transcription factors (Von Ohlen and Doe, 2000; Skeath, 1998; Zhao and Skeath, 2002) . Downstream of these signaling pathways, the high mobility group (HMG) genes, Dichaete and Sox Neuro (SoxN) cooperate with vnd, ind, and msh in regionalizing the neuroectoderm along the D-V axis (Zhao and Skeath, 2002; Overton et al., 2002; Russell et al., 1996; Soriano and Russell, 1998) . Indeed, the loss of one copy of ind in a SoxN or Dichaete homozygous mutant background dominantly enhances the SoxN and Dichaete phenotypes, suggesting that Ind interacts with both of these Sox domain proteins. In the case of Vnd, this transcription factor represses target gene expression through its interaction with the co-repressor, Groucho (Gro), which requires not only its N-terminal Eh1 domain, but also C-terminal Vnd amino acids, including the homeodomain and the NK-2 box (Cowden and Levine, 2003; Yu et al., 2005; Uhler et al., 2007) . The parallels between the function of Vnd and Ind in the ventral and intermediate columns, respectively, suggest similar modes of regulation and similar interactions with co-factors such as Groucho and Dichaete. However, to date this possibility has not been addressed at the molecular level for Ind.
Typically, transcriptional repressors complex with nuclear co-repressors tethering them to promoters of genes whose expression is subsequently prevented (Mannervik et al., 1999) . Since Groucho (Gro), like its vertebrate Transducin-like Enhancer-of-split homologues, does not bind DNA directly, it is anchored to DNA via short conserved polypeptide sequences of DNA binding negative transcriptional regulators. Two such Gro recognition peptides have been defined the WRPW and related tetrapeptide motifs (Fisher et al., 1996) and a second motif, the Engrailed homology 1 (Eh1), that is found predominantly in homeodomain-containing transcription factors (Smith and Jaynes, 1996) . As more Eh1 domains have been identified, it is becoming increasingly evident that this domain can be quite divergent (See Fig. 1A and B). The alignment of Eh1-like seqences revealed three conserved amino acids: phenylalanine-x-isoleucine-x-x-isoleucine (Phe-x-Ile-x-xIle), where x is any amino acid. These domains also typically contain a serine (S) or threonine (T) residue following the conserved phenylalanine residue, as well as an acidic residue between the conserved isoleucine residues. Indeed, the presence of the Eh1 peptide sequence is a good predictor of Gro-binding capability in vitro (Goldstein et al., 2005) .
We previously showed that ind establishes intermediate neuroectoderm identity, and regulates the formation of intermediate neuroblasts . ind represses the expression of the proneural gene, achaete (ac), in stage 8 intermediate neuroectodermal cells, and also prevents the expression of the dorsal homeobox gene, msh, in intermediate neuroectodermal cells . Similarly, Gsh-1 and 2, the vertebrate homologues of ind, specify the identity of the lateral ganglionic eminence, an interme- Fig. 1 . Repression of target genes by Ind is dependent on the N-terminal Eh1 domain. (A) Alignment of the putative Eh1 domains located at the amino termini of Ind, murine Gsh1 and Gsh2. Dark gray shaded boxes indicate areas of amino acid identity among all three proteins, while the light gray box highlights the conserved methionine (M) to valine (V) substitution. The consensus sequence of the Eh1 domain of Ind/Gsh1 and 2 is also shown relative to that of non-Hairy type Groucho-interacting transcription factors. Note the conservation of the phenylalanine (F), but not the isoleucine (I) residues. Also note the conservation of the potential phosphoacceptors serines (S), as well as the acidic aspartic acid (D) residue, residues typically found in Eh1 domains. (B) Alignment of additional putative Eh1 domains relative to the Eh1 domain of Drosophila Engrailed, which illustrates flexibility of the amino acid content of this motif. Substitutions include F to H in Pax3, I to V in Nkx2.2, Drop (Dr), Msx1 and 2, and I to L in Emx2, FoxG1, Dr, Msx1 and 2 (Copley, 2005; Goldstein et al., 2005) . c diate column structure in the vertebrate CNS (Yun et al., 2001 (Yun et al., , 2003 , in part by repressing the expression of the proneural genes, neurogenin 1 and 2 (Li et al., 1996; Szucsik et al., 1997; Toresson and Campbell, 2001; Toresson et al., 2000) . However, little is known about the mechanism of action of these homeodomain proteins. Pax6, the vertebrate ortholog of the Drosophila eyeless (ey) gene, is also expressed in longitudinal stripes in the neural tube and brain. These vertebrate orthologs of ind (Gsh2) and ey (Pax6) mutually repress each other in the developing telencephalon (Toresson et al., 2000; Yun et al., 2001) .
The data presented here demonstrate that the ability of Ind to function as a transcriptional repressor is in part conferred by its association with the co-repressor, Gro. This interaction is dependent not only on the conserved Eh1-type domain located at the N terminus of the protein, but also on additional sequences located in the C terminus. Furthermore, we show that Ind and Ey can mutually repress each other's expression indicating conservation in the regulatory relationship between these proteins from flies to vertebrates.
Results

The Ind Eh1 domain is necessary for repression of Ac and Msh in embryos
The predicted gene structure for Ind has two ATGs separated by 213 bp that could potentially be used for translational initiation, without a Kozak consensus sequence upstream of either (Weiss et al., 1998) (Flybase) . To assess whether there are differences in the regulatory activity of the two predicted Ind proteins, we generated two wild-type pUAST-ind transgenic lines carrying inserts encompassing the candidate open-reading frame including both candidate initiation methionines or the shorter candidate protein (Fig. 1C) . We over-expressed both Ind proteins using the Kruppel (Kr) Gal4 driver (Brand and Perrimon, 1993) , which drives expression across the dorsoventral axis, in an anterior-posteriorly restricted fashion (Cowden and Levine, 2003) , and compared the ability of the constructs to regulate target gene expression. Ind functions as a repressor in embryos since ind mutants ectopically express msh, the dorsal neuroectodermal determinant, as well as the proneural gene, ac, in the intermediate column . Both constructs repressed ac and msh expression at similar levels ( Fig. 1F and J ; data not shown). Since other Ind and Gsh family members have a conserved Eh1 domain at the immediate N terminus, (see below; (Valerius et al., 1995; Wheeler et al., 2005) suggesting that the smaller Ind protein is functionally important in vivo, the construct encoding the smaller protein was used as a control in subsequent analyses.
Because many transcription factors acquire repression activity through association with Groucho, we determined if repression by Ind was dependent on interaction with this co-repressor. The N terminus of Ind contains a conserved cluster of amino acids with the sequence SRSFLVDSLISDR (Fig. 1A) that weakly matches the consensus sequence of the Eh1 domain, FxIxxI, found in other Groucho-dependent repressors (Goldstein et al., 2005) . This sequence is highly conserved in Ind, mouse Gsh1 and Gsh2 (Fig. 1A) , but is quite divergent from the Eh1 domain of Engrailed. Although the phenylalanine, F, residue is conserved, the isoleucines are not, relative to the consensus Eh1 sequence. Two serines (S) residues are conserved amongst the three candidates Eh1 domains that potentially are phosphoacceptors (Goldstein et al., 2005) . Conservation of the aspartic acid (D) residue coincides with the occurrence of acidic amino acids in other Eh1 domains (Goldstein et al., 2005) . Divergent Eh1 domains are found in transcription factors that repress transcription, with substitutions found in the key residues implicated in Gro interaction. Fig. 1B shows examples of these types of substitutions relative to the Drosophila Engrailed sequence, which include; F to H in Pax3, I to V in Nkx2.2, Drop (Dr), Msx1 and 2, and I to L in Emx2, FoxG1, Dr, Msx1 and 2 ( Fig. 1B ; Copley, 2005; Goldstein et al., 2005) . Of the transcription factors whose Eh1-like domains are listed in Fig. 1B , only Nkx2.2 and Engrailed are known to directly bind to a Gro-like protein (Jimenez et al., 1997; Muhr et al., 2001) . Despite the lack of direct evidence implicating divergent Eh1 domains in Groucho interaction, the candidate Ind Eh1 domain may be important for Groucho-mediated repression by Ind/Gsh proteins. To address this possibility, we generated a pUASTind transgenic line, with an artificial ATG inserted in place of the candidate Eh1 domain at the start of the protein (Fig. 1C) . We identified mutant ind mis-expression lines with comparable expression levels to that of the wild-type ind mis-expression lines used in this analysis. We further established that a functional deletion mutant protein was generated by staining embryos with an antibody directed against the vertebrate homologue of Ind, Gsh1 (Kriks et al., 2005) . We find that this antibody cross-reacts with Ind and thus allows us to detect the presence of the full length and truncated Ind proteins (data not shown). Previously, we have shown that in the absence of ind function expression of ac and msh are expanded in to the intermediate column, suggesting that these genes are direct repression targets of Ind ( Fig. 1E and I ; Weiss et al., 1998) . Therefore, in order to compare the repression activity of Ind with or without the amino terminal candidate Eh1 domain (ind DEH1 ), the distribution ac and msh was determined in transgenic lines that over-express either protein ( Fig. 1) . Over-expression of wild-type Ind in the Kr domain using the UAS-Gal4 system resulted in repression of ac expression in both ventral and lateral neuroectodermal cells (Fig. 1F , bracketed area). The relatively weak phenotype observed may be due to the fact that Ind functions in vivo with other essential co-factors (see Section 3). In contrast, ectopic ind DEh1 expression had minimal effects on ac expression (Fig. 1G ). Likewise, although over-expression of wild-type ind causes repression of msh expression in lateral neuroblasts (Fig. 1J , bracketed area), where it is normally expressed in wild-type embryos (Fig. 1H) ; ind DEh1 expression did not affect msh expression (Fig. 1K) . Thus, the Eh1 domain of Ind is necessary for this homeodomain protein to repress target gene expression in embryos.
The Ind Eh1 domain and C-terminal domains are necessary for binding to the co-repressor Groucho
Next, we directly addressed whether the Eh1 domain is necessary for binding of Ind to the co-repressor, Groucho. To facilitate immunoprecipitation, the ind constructs were tagged at the amino terminus with the Gal4 DNA binding domain (DBD) using the pBind expression vector. Constructs encoding the Gal4 DBD alone ( Fig. 2A , construct 1), the Gal4-Ind chimera ( Fig. 2A , Ind-FL), a Gal4 DBD Ind chimera lacking the conserved Eh1 domain ( Fig. 2A,  IndDEh1 ), or chimeras lacking the amino and carboxyl termini of Ind ( Fig. 2A , Ind-NT and Ind-CT, respectively) were transfected into Hek293 cells, and the proteins were immunoprecipitated from cells following transient transfection using a Gal4 antibody (Fig. 2B) . Vertebrate rather than Drosophila cells were used because of the extremely low transfection efficiency of the latter.
To determine which of the Ind proteins could physically interact with Groucho (see Fig. 3 , ahead), we also generated cell extract containing Myc-tagged Groucho and incubated equal amounts of the extract to immunoprecipitate Gal4 DBD Ind fusion proteins. Consistent with the ability of Ind to function as a potent repressor in embryos, we found that the full length Ind-Gal4 chimera pulled down Groucho strongly (Fig. 2C, lane 2) relative to the Gal4 DBD alone (Fig. 2C, lane 1) . As expected from ind DEH1' s inability to repress either ac or msh in embryos (see Fig. 1 ), deletion of the candidate Eh1 domain significantly reduced Ind binding to Groucho (Fig. 2C, lane 3) , relative to the full length Ind chimera (Fig. 2C, lane 2) . In agreement with our previous finding that the C terminus of Vnd affects Groucho binding (Yu et al., 2005; Uhler et al., 2007) , the Ind-NT construct containing the Eh1 domain, binds Groucho at only 30% of the level seen for the full length protein (Fig. 2C, lane 4) , suggesting that Eh1 domain of Ind is necessary, but not sufficient, for maximal Groucho binding. As expected, the Ind-CT construct, which lacks the Eh1 domain as well as an additional 207 amino acids N-terminal to the homeodomain, binds Groucho very weakly (Fig. 2C, lane 5) , despite the large amount of this fusion protein immunoprecipitated (see Fig. 2B , lane 5). Thus, these co-immunoprecipitation analyses demonstrate that binding of the Ind transcription factor to the Groucho co-repressor requires not only the Eh1 domain by also secondary C-terminal sequences.
Ind is a potent transcriptional repressor in transient transfection assays
The data presented thus far indicate that despite its relatively small size (approximately 35 kDa), the capacity of Ind to function as a repressor is complex, and involves both inter-and intra-molecular interactions. The embryonic data indicate that the Eh1 domain is essential for the (B and C) . The Eh1 domain is depicted in light gray, the homeodomain is dark gray, and the remainder of the ORF is white. Ind amino acids encoded are indicated. The Gal4 DBD is depicted in black. (B) Western blots of immunoprecipitations with a Gal4 antibody, which precipitates the Gal4 DBD alone (1), or the Gal4 DBD fused to full length Ind (2), or Ind lacking the candidate Eh1 domain (3) or the amino (4) or carboxyl termini (5) of Ind fused to the Gal4 DBD, highlighted with white asterisks. Molecular weight markers from top: 75, 50, 37, 25, 20, 15 kDa. Note the large variation in the amounts of protein immunoprecipitated. Arrows point to Gal4 fusion proteins. (C) Blot of immunoprecipitates incubated with an anti-Myc antibody, which recognizes Myc-tagged Groucho, highlighted with white dot. The Gal4 DBD alone fails to bind Groucho (1). Thus, non-specific bead binding is not an issue. Non-specific bands in lane 1-5 correspond to antibody crossreaction with immunoprecipitate. Full length Ind pulls down Groucho (2), in contrast to the construct lacking only the Eh1 domain, which pulls down minimal amounts of the co-repressor (3). Deletion of the C terminus also interferes with Groucho binding (4), though significantly less than when the Eh1 domain is deleted. Deletion of the N terminus, including the candidate Eh1 domain, results in minimal Groucho binding (5).
repressor activity of Ind protein, while the co-immunoprecipitation analyses suggest that Ind's capacity to efficiently bind Groucho is modulated by secondary domains within the Ind protein, in addition to the Eh1 domain. As a first step towards further characterizing regulatory domains within Ind, we performed a structural-functional dissection of the protein, using the Gal4 DBD Ind chimeras that we had used for the immunoprecipitations. Again vertebrate, rather than Drosophila tissue culture cells were used for this assay, because both Schneider and Kc cells had an extremely low transfection efficiency, which prevented us monitoring transfected protein expression using Western blot analyses of the Drosophila cell lysates.
We compared the capacity of the Ind chimeras shown in Fig. 3A to regulate expression of a firefly luciferase reporter downstream of the Gal4 UAS in transient transfection assays. Because of the variation in the levels of protein expressed from the individual constructs in Westerns that were incubated with the Gal4 antibody (Fig. 3B) , the firefly luciferase data presented was corrected for protein expression levels. In agreement with the embryonic data, we found that the full length Ind-Gal4 DBD fusion protein acts as a strong repressor (Fig. 3C, panel 2) causing over 90-fold repression relative to the Gal4 DBD alone (1-fold; Fig. 3C, panel 1) . For simplicity this value was set at 100% repression. Deletion of the Eh1 domain at the N terminus of Ind reduced the repression capacity of the protein 24% (Fig. 3C, panel 3) , similar to the effects of deleting the Vnd Eh1 domain in this assay (Yu et al., 2005) . Whereas, deletion of 94 C-terminal amino acids, including the homeodomain, caused a significant affect on the repression activity of Ind, reducing the repression activity 74% (Fig. 3C, panel 4) . Taken together with our finding that this same domain modulates Groucho binding, these data indicate that significant repressor activity is associated with the C terminus of Ind. In contrast, deletion of the N-terminal 225 amino acids of Ind had only minimal effects on the repression activity of the protein (Fig. 3C, panel 5) . Thus, this transfection assay identifies the C terminus of Ind as a strong repression domain. The fact that the repression activity of the Eh1 domain is not identified using this assay agrees with parallel studies on other homeodomain-containing transcription factor (see Section 3).
Regulatory cross talk between Ind and Ey is evolutionarily conserved
The vertebrate orthologs of ind and ey, Gsh1, 2, and Pax6, respectively, mutually repress each other in the developing telencephalon (Toresson et al., 2000; Yun et al., 2001 ). As we have shown above, other transcriptional repression functions of Ind appear to be conserved. Thus, we determined whether a regulatory relationship similar to that of Gsh2 and Pax6 exists between Ind and Ey. Since the distribution of ey in the embryonic Drosophila CNS has not yet been characterized in detail, we first determined the distribution of the Ey protein relative to the ind transcript (Fig. 4) . From stage 5 through stage 10, ind is expressed in a columnar arrangement of neuroectodermal and neuroblast cells in the intermediate region of the CNS that is continuous and spans two/three cells wide 9 ( Fig. 4A and B) . At mid-stage 10, ind expression begins to fade in both the neuroectoderm and neuroblasts in the anterior portion of each segment ( Fig. 4C and D) , such that by the end of stage 10, expression only remains in a few cells per segment that corresponds to the most posterior cells of the segment (Fig. 4E-H) . In contrast, Ey mRNA is not detected prior to stage 9. The onset of Ey expression at stage 10 in the embryonic CNS corresponds to the down-regulation of Ind expression in the neuroblasts that express Ey (Fig. 4E and F) . This results in mutually exclusive expression domains for Ey and ind during developmental stage 10-late 11. In Fig. 4 , Fig. 3 . Ind, when fused to the Gal4 DBD, functions as a strong repressor, and has redundant internal repression domains. (A) Schematics showing the ind Gal4 DBD as in Fig. 2. (B) Western blot of lysates from cells transfected with constructs 1-5; Gal4 chimeras were detected using a Gal4 DNA binding domain-specific antibody. Gal4-specific bands are highlighted with arrows. Note the large variation in expression levels and/or stability of the different chimeras. Molecular weight markers are as in Fig. 2 . Band intensity was determined by densitometry, and used to correct firefly luciferase activity. (C) Relative repression activity of Ind domains, expressed as percent repression relative to wild-type. (2) Ind-FL causes 92-fold repression relative to the Gal4 DBD alone, which is set as 100% repression (3). The Ind DEh1 chimera causes 76% repression relative to the full length Ind-gal4 chimera. (4) The Ind-NT chimera causes 26% repression relative to the full length Ind-gal4 chimera. (5) Removal of the amino terminus of Ind (Ind-CT) has no affect on the repressor activity of the chimera. panels g and h, expression of the ind message alone at this stage is presented for comparison to earlier stages and double labels. In addition, our comparison of ey mRNA distribution relative to Engrailed, a segmentation protein that is expressed in all posterior row 6 and 7 neuroblasts, as well as in the anterior neuroblast 1-2 (Cui and Doe, 1992) , indicates that ey is primarily expressed in rows three through five neuroblasts and is not detected in En-positive neuroblasts at late stage 10 (Fig. 4E) .
Given the temporo-spatial relationship between Ind and Ey expression in the Drosophila CNS, we next addressed whether a regulatory relationship similar to that of Gsh2 and Pax6 exists between Ind and Ey. Initially, we examined expression of ey in ind loss-and gain-of-function mutants. In early stage 11 embryos, ey is normally expressed in intermediate column neuroblasts in rows 3-5 (Fig. 5A) . ey expression is largely absent in ind mutant embryos (not shown), because most neuroblasts that express ey fail to form in ind mutants. However, we find that over-expression of Ind, using the Kr Gal4 driver, leads to a reduction in ey message in the Kr domain (Fig. 5B) . This is particularly evident in the neuroectoderm; some residual staining remains in the underlying neuroblasts. Thus, Ind is capable of repressing Ey expression. With regards to the regulation of ind by ey, the situation is more complex. In early stage 11 embryos, ind is normally expressed in the intermediate neuroblasts, 6-2 and 7-2, located in the posterior of the segment (Fig. 5C ). Over-expression of ey in a pair-rule pattern causes down-regulation of ind expression in alternating segments, suggesting that Ey can repress ind expression (Fig. 5D) . However, this is not the only mechanism for down-regulation of ind in the Ey-expressing cells, since ind expression is regulated normally in ey-embryos (not shown). Potentially, an additional unidentified repressor is responsible for turning off ind expression in intermediate neuroblasts during late stage 10. Nevertheless, we conclude that during embryonic CNS development Ind can repress Ey expression and conversely Ey can repress Ind expression. We also conclude that an additional factor may be necessary for down-regulation of ind in the Ey-expressing cells. Finally, a conserved relationship exists between Ind/ Gsh and Ey/Pax6 transcriptional regulators, observed in both fly and mouse, resulting in mutual repression. This data is schematically depicted in Fig. 6B .
Discussion
The data presented here indicate that the capacity of ind to repress target gene expression is conferred not only by its ability to interact with Groucho through its Eh1 domain, but also by secondary domains, which include the C terminus of the protein, wherein resides the homeodomain. Indeed, deletion of Ind's C terminus affects the repressor activity of Ind in Gal4-Ind chimeric assays in tissue culture (Fig. 6A ). Ind's physical interaction with Groucho suggests that this transcription factor uses redundant protein-protein interactions to exert maximal repressor activity.
We demonstrate that Ind's candidate Eh1 domain (Cowden and Levine, 2003) is required for Ind-mediated repression in embryos and in vitro. Apart from the homeodomain, this is the only Ind region that is highly conserved between flies and vertebrates (Weiss et al., Fig. 6A ). Moreover, the co-immunoprecipitation data indicate that Ind's secondary structure is important for efficient Groucho binding. The fact that the full requirement for Ind's Eh1 domain is masked in the transient transfection assay can be explained by this observation, which coincidentally parallels previous findings for the Eh1 domain of Engrailed, Nkx6, and Vnd using chimeric transfection assays (Tolkunova et al., 1998) (Yu et al., 2005) Syu et al., submitted for publication). Previous studies have shown that the sequestering of Groucho to its DNA-bound transcription factor target, dorsal, requires secondary DNA binding proteins, including Dead Ringer and Cut (Valentine et al., 1998) . Potentially, the binding of Ind to DNA via the Gal4 DBD, rather than the homeodomain, results in an altered Ind conformation relative to when the native protein contacts its DNA target via its homeodomain. This could in turn result in less efficient Groucho binding to the chimeric Gal4-Ind proteins in the transfection assay. Indeed, Cai et al. (2003) found that the transcription factor, Pax 2, must be bound to its bone fide Pax 2 target for Groucho recruitment (Cai et al., 2003) .
As mentioned previously, Dichaete and Sox neuro interact genetically with ind (Zhao and Skeath, 2002; Overton et al., 2002; Russell et al., 1996; Soriano and Russell, 1998) . Recently, (Zhao et al., 2007) identified an ac enhancer that represses expression of that gene, when tested in a reporter assay in transgenic embryos. It contained 3 Ind binding sites adjacent to a single Dichaete binding site. When all four sites were mutated, the reporter was partially derepressed relative to the wild-type reporter in transgenic embryos. In addition, Ind was shown to physically interact with Dichaete in a yeast two-hybrid expression assay. These results, and our demonstration that Ind interacts with the co-repressor, Groucho, possibly explain the relatively weak Ind over-expression phenotype, despite strong expression of the transgene. Perhaps the limited (wild-type) availability of Groucho and Dichaete in cells that overexpress Ind leads to the titration, and depletion, of these essential co-repressors, such that some ectopic Ind molecules cannot exert their regulatory effects maximally.
A major function of Ind/Gsh-type transcription factors is the restriction of the expression domains of proneural genes to distinct subsets of progenitors. We previously found that the proneural gene, ac, is ectopically expressed (yellow) and homeodomain (red), the two domains that are conserved between Ind and its vertebrate homologues . Activities assigned to individual moieties within the protein are also indicated based on the data presented. (B) Left: schematic simplification depicting the domains of expression of Ind (green) and Ey (red) in a hemi-segment of a stage 11 Drosophila embryo based on the data presented. The neuroblast pattern in white is numbered according to Doe (1992) in ind mutants, and this ectopic expression of ac expression led to the loss of intermediate neuroblasts . We show here that over-expression of ind causes down-regulation of ac in both ventral and lateral neuroblasts. Similarly, the proneural genes, neurogenenin 1 and 2, are ectopically expressed in gsh2 mutants (Corbin et al., 2001; Kriks et al., 2005) . Moreover, just as Gsh2 represses Pax 6 in an adjacent domain, we similarly found that Ind can repress eyeless, the Drosophila Pax 6 homologue, see Fig 6B for summary. Ind and its vertebrate homologues differ however in their capacity to repress msh/msx genes. Whereas, the ability of ind to repress msh expression is critical to maintaining the tri-columnar organization of the neuroectoderm in Drosophila , Msx 1 expression is unaffected in gsh1; gsh2 double mutants, and the expression domains of these two proteins overlap (Kriks et al., 2005) . Thus, Ind shares many common properties with its vertebrate homologues, but also has repression targets that are not evolutionarily conserved. The non-conserved repression domains we identified in Ind, additional to the Eh1 domain, may explain the divergence in the capacity of Ind/Gsh homeodomain proteins to repress Msx-msh gene expression. Further work is required to address whether the secondary repression domains in Ind are functionally significant in the embryo. In addition, whether primary protein structure alone accounts for some of the divergent activities of ind and gsh1 or gsh2 needs to be addressed, by determining whether ind's vertebrate homologues can functionally substitute for ind function in the Drosophila embryo.
Materials and methods
pUAST-ind transgenic line generation and analyses
Three different pUAST-ind constructs were generated. Since ind has two different candidate initiation methionines separated by 213 bp, constructs were generated corresponding to the longer and the short open-reading frames (ORF) by PCR using the following 5 0 and 3 0 primers:
ind long forward: ATGGTGACTAAATGGCCGAACACA ind long reverse: CTACGCCTCAACCTTCAATTCGTG ind short forward: CCCGCTCGAGCGGGGAAATACCCCAGAAA CCCAAGATG ind short reverse: GGGGTACCCCACGCCTCAACCTTCAATTCGTG PCR products were cloned into the pUAST vector (Brand and Perrimon, 1993) using standard procedures. Once we had confirmed that the shorter ORF encoded a protein with similar regulatory activity to the longer protein (see text), a third ind construct that lacked the candidate Eh1 domain at the amino terminus was also generated by PCR using the following primers: ind DEh1 forward: CAA CGG CTC GAG AAA CCC AAG ATG AAT TTG AGC CAG AAG AAG and ind DEh1 reverse: AAC CTA GTC TAG ATA GGT GAT TGA TTC TAC G. The pUASTind constructs were co-injected with pPi25.7wc DNA into white embryos as described by Spradling and Rubin (1982) by Research Genetics. Six independent lines that were homozygous viable were generated for each construct. Lines were screened for levels of transgene expression by crossing them with the Kr Gal4 driver and determining the level of transgene expression in embryos derived from the cross by in situ hybridization as described in Weiss et al. (1998) . Lines with comparable levels of transgene expression were used for further analysis.
The following antibodies were used: Rat anti-Ind 1:250 ; Rabbit anti Eyeless 1:5000 (Kammermeier et al., 2001) ; mouse antiEngrailed (Patel et al., 1989 ) (Developmental Studies Hybridoma bank, Iowa). Embryo fixation and antibody staining were performed as in (Mellerick and Modica, 2002) . Secondary antibodies of the appropriate species conjugated to biotin (Vector Labs), were used at a dilution of 1:250. Histochemical detection was performed using the Vectastain Elite Kit (Vector labs). For in situ hybridization achaete, ind, and eyeless riboprobes were used at concentrations ranging from 0.5 to 2 ng per ll of hybridization solution. These probes have been previously described in Uhler et al. (2002) , Weiss et al. (1998) , Kammermeier et al. (2001) . Double antibody/probe staining is described in Uhler et al. (2002) . Embryos mounted in 70% glycerol in PBS were examined on a Nikon microscope, and images were captured with a Spot digital camera, or a Leica DM5000 microscope and a Leica digital camera. 
/ci
D spa pol was a gift from Lars Kammermeier (Kurusu et al., 2000; Kammermeier et al., 2001; Punzo et al., 2002 ) ey mutants were identified by lack of Ey protein or were crossed to ci Plac (Eaton and Kornberg, 1990 ) and embryos were collected from adult siblings that lacked the ci D chromosome; in this case the mutants were identified by lack of lacZ expression. UASey (Halder et al., 1995) was a gift from Nanci Bonini, U Penn. Crosses of UAS lines to either Kruppel Gal4 (Cowden and Levine, 2003) or Paired Gal4 (Xiao et al., 1996) drove trangene over-expression in anteriorly-posteriorly restricted patterns.
Transfection constructs
For the generation of Gal4 DNA binding domain-ind fusion constructs, the following PCR primers were used:
For the Ind-FL construct primers were: full length Ind forward: ATATCATCTAGAATGTCGCGTTCATTTTTG; Full length Ind reverse: TATTCAGGTACCTAGGTGATTGATTCTACG. For the IndDEh1 construct: Eh1 deletion forward: ATATCATCTAGA AATTTGAGCCAGAAGAAG; Eh1 deletion reverse: TATTCAGGTACCTAGGTGATTGATTCTACG. For Ind-NT: N-terminal forward: ATATCATCTAGAAATTTGAGCC AGAAGAAG; N-terminal reverse: TATTCAGGTACCTAGGTGATTGATTCTACG. For Ind-CT; C-terminal forward: ATATCATCTAGACTGATCAACG ATTACGCC; C-terminal reverse: TATTCAGGTACCGGTGATTGATTCTACGCC.
All PCR products were cloned into the pBind vector (Promega) between the XbaI and KpnI sites.
Transfections, luciferase assays, and Western analyses
Hek 293 cells were maintained in DMEM containing 10% fetal calf serum and 1% penicillin/streptomycin. For transient transfections, cells were plated at 60% confluency into 24-well plates and transfected the next day with Fugene-6 (Roche) according to the manufacturer's instructions. The total amount of DNA added was 0.4 lg per well. Cells were harvested approximately 48 h post-transfection. Luciferase activity was measured using the Dual Luciferase Kit (Promega) according to the manufacturer's protocol. The pG5luc reporter vector (Promega) and pBind-ind expression vectors were added at a molar ratio of 1:1. The pGEM3Z vector (Promega) was added to bring the final amount of DNA to 0.4 lg per well. Each transfection was performed in triplicate. For Western analyses, samples were pooled and subjected to SDS-PAGE and Western blotted. The Gal4 DNA binding domain alone or fused to Ind sub-domains was detected using a Gal4 specific antibody (Santa Cruz). Binding of peroxidase-conjugated secondary antibodies was detected by chemiluminescence, using the Lightning kit (Perkin-Elmer). Results are expressed as mean values ± the standard error of the mean (SEM).
4.5. Co-immunoprecipatation of Gal4-Ind chimeras with Myctagged Groucho and Flag-tagged Dichaete Immunoprecipitations were performed as described in Yu et al. (2005) with minor modifications. Dishes (100 mm) containing Hek 293 cells were independently transfected with 6 lg of pBind (Promega) that encodes the Gal4 DNA binding domain, the pBind-ind constructs, GS2-groucho, or pFlag-Dichaete using 18 ll of Fugene. Cell lysates were prepared 48 h after transfection using immunoprecipitation (IP) buffer (20 mM Tris-HCL, 100 mM NaCl, 10 mM NaF, 1 mM Na3VPO4, 1 mM PMSF), and proteinase inhibitor cocktail (Roche) containing 0.5% Triton X-100. Ind Gal4 DNA binding domain chimeras were precipitated from cell lysates using an antibody that recognizes the Gal4 DNA binding domain (Santa Cruz Biotechnology) rotating overnight at 4°C. The Gal4 DNA binding domain alone was also precipitated to monitor non-specific binding of protein to beads. Following incubation with protein A/G PLUS agarose (Santa Cruz Biotechnology) at 4°C for 2 h, beads were precipitated by centrifugation, and washed three times with IP buffer containing 0.1% Triton X-100. Then, beads were divided into three aliquots, one of which was subjected to Western analysis directly, the second incubated with equal amounts of cell lysate containing Myc-tagged Groucho, and the third with the Flag-tagged Dichaete extracts. The co-immunoprecipitates were rotated for 2 h at 4°C, precipitated by centrifugation, and washed three times with IP buffer containing 0.1% Triton X-100. Immunoprecipitates were separated by SDS-PAGE electrophoresis, transferred to Immobilon-P (Millipore), and Western blotted. Triplicate blots were incubated with antiMyc antibody (Sigma) to detect the Myc-tagged Groucho, ant-Flag (Sigma) to detect Flag-tagged Dichaete, or the Gal4-specific antibody (Santa Cruz Biotechnology) to detect Gal4-Ind chimeras. Binding of peroxidase-conjugated secondary antibodies was detected by chemiluminescence using the Lightning kit (Perkin-Elmer).
